Extracts of soots obtained from various sources were applied to the skin of mice in an effort to identify carcinogens in these mixtures and to link these materials to the etiology of human cancer. Samples of coal chimney soot, coke oven materials, industrial carbon black, oil shale soot, and gasoline vehicle exhaust materials have been examined by this method.
Introduction
Experimental animal studies and epidemiological studies provide evidence that certain chemicals present in the environment either as pure chemicals or in complex mixtures are a major contributing factor in the etiology of some human cancers. For example, polycyclic aromatic hydrocarbons (PAHs) are widespread contaminants in our environment, occurring primarily as the result of combustion and pyrolysis of organic materials (e.g., the burning of cigarettes, operation of coke ovens, operation of automobiles, industrial combustion processes, etc. carcinogenicity of a significant number of these compounds has accumulated. Besides PAHs, a wide variety of other structurally diverse environmental chemicals (aromatic amines, nitrosamines, nitrosamides, metals, aflatoxins, and many others) are known to be carcinogenic (1) . Current information suggests that chemical carcinogenesis is a multistage process; in this regard, one of the best studied models is the two-stage carcinogenesis system in mouse skin. Skin tumors can be induced by the sequential application of a subthreshold dose of a carcinogen (initiation phase) followed by repetitive treatment with a noncarcinogenic tumor promoter (promotion phase). The initiation phase requires only a single application of either a direct or indirect carcinogen at a subthreshold dose and is essentially irreversible. The promotion phase is brought about by repetitive treatments after initiation and is initially reversible but later irreversible. If an agent is given repeat-edly by itself, the mouse skin system can also be used to determine if the agent is a complete carcinogen (i.e., if it has both tumor initiating and promoting activities). In addition, if an agent is given concurrently with a known complete carcinogen or tumor initiator, one can determine if the agent as cocarcinogenic or cotumor-initiating activity or possibly even anticarcinogenic activity. Similarly, if an agent is given concurrently with a known tumor promoter, one can determine if the agent has copromoting or antipromoting activity. Furthermore, as in most carcinogenesis systems, skin carcinogens may display additive or synergistic effects. The skin system is an important model not only for studying carcinogenesis and for the bioassay of carcinogenic agents but also for studying modifiers of carcinogenesis. The major disadvantage of the skin system (as of many other carcinogenesis systems) is that some carcinogens are tissue specific.
Recently the generality oftwo-stage tumor induction has been demonstrated in a number of experimental carcinogenesis systems (e.g., liver, bladder, lung, colon, esophagus, stomach, mammary gland, pancreas, lung cells in culture) (2) . A wide variety of agents (e.g., diet, bile acids, hormones, saccharin, L-tryptophan, phenobarbital, polychlorinated biphenyls, polybrominated biphenyls, butylated hydroxytoluene) have been used successfully as promoters (2) .
Among rodent species, mice are generally more sensitive than rats and hamsters to skin carcinogenesis by either the complete carcinogenesis protocol or the initiation-promotion protocol (Table 1) (3, 4) . In mice, the complete carcinogenesis protocol gives rise to a low number of papillomas followed by a high incidence of squamous cell carcinomas, whereas the initiation-promotion protocol gives rise to a large number of papillomas followed by a moderate incidence of squamous cell carcinomas. In rats, both the complete carcinogenesis and initiation-promotion protocols give rise to basal cell carcinomas and very few papillomas and squamous cell carcinomas. In hamsters, the complete carcinogenesis protocol produces mainly squamous cell carcinomas and some melanomas, whereas the initiation-promotion protocol produces mainly melanomas.
PAHs are one of the major classes of chemical carcinogens that have skin tumor initiating and/or complete carcinogenic activity on mouse skin and have been studied extensively in this system. Over 100 PAHs, PAH derivatives, and PAH metabolites are known to be mouse skin tumor initiators and/or complete carcinogens (5, 6) . Among these, moderate to strong initiators and/or complete carcinogens include 7,12-dimethyl benz(a)anthracene, DMBA, 3-methylcholanthrene, benzo(a)pyrene [B(a)P], 7- methylbenz(a)anthracene, 5-methylchrysene, dibenz (a,h)anthracene, dibenzo(a,h)pyrene, dibenzo(a,i) pyrene, dibenzo(a,e)pyrene, benzo(a)phenanthrene, dibenzo(a,j)anthracene, benzo(c)chrysene, benzo(g,h, i)perylene, dibenzo(a,c)naphthacene, and 11-methylcyclopenta(a)phenanthren-17-one (5, 6) . Besides PAHs, many other chemicals and chemical classes are known to be tumor initiators and/or complete carcinogens on mouse skin (Table 2) (5, 6) .
Tumor Initiation
When appropriately tested, known complete carcinogens in skin show skin tumor-initiating activity (7) . In the two-stage mouse skin system, initiation is the only stage that requires the presence of the complete carcinogen, and the measured complete carcinogenic potency of a chemical reflects its capacity for tumor initiation. There is both a good qualitative and quantitative correlation between the complete carcinogenic and tumor initiating activities of several chemical carcinogens in mouse skin (7) . This relationship holds when one considers the number of papillomas per mouse at early times (10 to 20 weeks) or the final incidence of carcinomas after tumor initiation (7) .
It is possible that a carcinogen lacking promoting ability would not be detected when tested as a complete carcinogen. It has been reported that a number ofchemical compounds, e.g., benz(a)anthra- Boutwell (7, 8) . The mice developing the most papillomas with the shortest latency period after initiationpromotion treatment were selected for each breeding.
Experiments with B(a)P and DMBA using different stocks and strains of mice (9) 10 and 20 times more sensitive than CD-1 mice to DMBA tumor initiation (10) . However, SENCAR mice are only between 3 and 5 times as sensitive as CD-1 mice to B(a)P tumor initiation (10) . SENCAR mice are 2 to 3 times as sensitive as CD-1 mice to TPA promotion (9) .
Between SENCAR and C57BL/6 mice there is an even greater difference in sensitivity to two-stage skin carcinogenesis. C57BL/6 mice are very refractory to two-stage skin carcinogenesis by B(a)P-TPA. Even high initiating doses of B(a)P (1600 nmoles) and high promoting doses of TPA (10 ,ug) are very ineffective in causing skin tumors (Slaga and Nesnow, unpublished data). However, C57BL/6 mice do respond to complete carcinogenesis by B(a)P (9 bExperimental protocol: beginning 1 week after initiation, mice were treated twice weekly with 5 p.g TPA.
tumor promoters, a wide variety of other compounds are known to have skin tumor-promoting activity (Table 4) . After the phorbol esters and dihydroteleociden 'B, anthralin is the most potent tumor promoter of those listed in Table 4 . Van Duuren and Goldschmidt (11) reported a fairly extensive structure-activity study with anthralin and derivatives. Likewise, Boutwell and Bosch (12) reported a structure-activity study of a number of phenolic compounds that are weak promoters in comparison to the phorbol esters and anthralin. Although several of the other compounds shown in Table 4 have moderate to weak activity as tumor promoters, no extensive structure-activity studies have been reported. We have recently found that benzo(e)pyrene and benzoyl peroxide as well as other free radicalgenerating compounds such as chloroperbenzoic acid and lauroyl peroxide are relatively good tumor promoters (13, 14) . The ability of TPA to promote tumor yield with respect to dose after DMBA initiation is shown in Table 5 . For tumor promotion (as for tumor initiation, Table 3 ) a very good dose-response relationship is seen when either the number of papillomas per mouse at 15 weeks or the percentage of mice with squamous cell carcinomas at 50 weeks is considered. Similar results have been reported from studies using Charles River CD-1 mice (15) and ICR/Ha Swiss mice (16) .
Unlike the initiation phase, the promotion stage requires a certain frequency of application to induce tumors and is reversible (8) . In general, as the frequency of TPA application decreases the promoting activity also decreases (8) . Even high doses of TPA once every 2 or 3 weeks are ineffective in tumor promotion (8) .
Complete Carcinogenesis
Complete carcinogenesis in mouse skin refers to the production of tumors (mainly carcinomas) after repeated application of a carcinogen for terms of up to 1 yr. Compounds possessing both tumor initiating activity and tumor promoting activity will produce tumors in this regimen. An examination of six mouse stocks and strains using B(a)P and DMBA as the carcinogens (9) Complete carcinogenesis in mouse skin was used in the early 1900's to identify carcinogens in organic extracts of organic particulate samples and to try to link these materials to the etiology of human cancer. Passey (17) found that ether extracts of coal chimney soot produced both "warts" (papillomas) and "cancers" (carcinomas) when applied repetitively to the depilitated backs of mice. Campbell (18) confirmed these results with coal soot and also reported the carcinogenic activity on mouse skin of road dust extracts. Remarkably, Campbell also observed both dermal and lung tumors in mice exposed only to road dust particulates (19) . Kotin and co-workers examined the carcinogenic effects of organic extracts of air particulate samples from the Los Angeles area. These extracts produced both malignant and benign tumors when applied repeatedly to the backs of C57BL/6 mice (20). Wynder and Hoffmann expanded these studies by administering air particulate extracts from the Detroit area to Swiss ICR mice (21) . Both groups concluded that B(a)P alone could not account for all the carcinogenic activity observed. Kotin and his group (22) and also studied the carcinogenic effects of organic extracts of particulate emissions from gasoline engines; both concluded that these extracts produce tumors on mice. Kotin et al. studied extracts from particulates isolated from a diesel engine. In contrast to the positive results reported for air particulate and gasoline engine emissions, these investigators found C57BL/6 mice to be refractory to the diesel extracts (26) . However, tumors were produced in strain A mice treated repetitively with the diesel mixtures (26) . Von Haam and Mallette (27) and V6samae (28) were able to induce tumors in mice by applying extracts of industrial carbon black and oil shale soot, respectively. Most of the studies described above used limited numbers of mice of various strains, did not explore potential sex differences, and used limited numbers of doses. These studies were not designed to produce comparative dose-response data.
We report here results from a study designed to produce extensive dose-response information, using the same mouse strain (SENCAR), on the tumorigenic and carcinogenic activities of organic extracts from a variety of particulate emission sources: diesel and gasoline vehicles, coke oven, and roofing tar. Earlier publications ofresults from these experiments reported papilloma formation after 6 mo in a tumor initiation protocol (6, (29) (30) (31) (32) . This paper reports the production of carcinomas after 1 yr in both tumor initiation and complete carcinogenesis protocols.
Materials and Methods

Sample Generation and Isolation
The details of sample generation and isolation were reported previously (33 Skin tumor formation was recorded weekly, and papillomas >2 mm in diameter and carcinomas were included in the cumulative total if they persisted for 1 week or longer. The number of mice with tumors, the number of mice surviving, and the total number of tumors were determined and recorded weekly. At 6 months, the number of papillomas per surviving animal was recorded for statistical purposes. The tumors were histologically verified; also, nondermal tumors were histopathologically identified.
Statistical Analysis
Tumor incidence analyses were carried out on the papilloma data obtained at 6 mo and on the cumulative number of animals with carcinomas at 1 yr. The data were fitted to a probit model, taking into account the numbers of spontaneous tumors occurring in the control groups. The probit formula used is P = 130 + (1-130) 4. (01 + 021nx)-where P is the probit proportion, x is the dose applied, and is the standard normal cumulative distribution function (34) . The model parameters 'P0o I1, and' 2, were estimated from the raw data by maximum likelihood methods (35) . The dose that would produce a 50% tumor incidence in excess of the control rate was then estimated as a function of the model parameters. The 95% confidence limits were estimated using the asymptotic variancecovariance matrix estimated during the model-fitting process. Chi-square goodness-of-fit and likelihood ratio tests were also computed to examine the appropriateness of the model and the strength of the dose effect.
The papilloma scores at 6 months were also subjected to tumor multiplicity analysis by a nonlinear Poisson model (36):
where' Xi is the number of papillomas per mouse, xi is the dose, and" 1o, '1l, and' 12 are the model parameters. Using maximum likelihood methods, the model parameters were estimated from the raw data and used to calculate the number of papillomas per mouse for a dose of 1 mg. Asymptotic 95% confidence intervals for these activities were obtained. Tests for the Poisson assumption, adequacy of the model, and strength of the dose response were also calculated (36) .
Results
Tumor Initiation
The tumor initiation experiments were designed to compare the relative tumorigenic activities of the diverse complex mixtures (Nissan, VW Rabbit, Mustang, topside coke oven, coke oven main, and roofing tar extracts) and B(a)P. Animals were scored at 6 months for papillomas and at 1 yr for carcinomas. The carcinoma data represent the cumulative number of animals with carcinomas at 1 yr in each treatment group regardless of survival.
The B(a)P, topside coke oven, coke oven main, Nissan, and roofing tar samples produced an 89% or greater tumor incidence at the highest dose level applied (Tables 6, 7 ). Tumor multiplicity ranged from five to six papillomas per mouse in the roofing tar and Nissan groups to greater than seven in the B(a)P, topside coke oven and coke oven main groups.
These groups also produced significant numbers of squamous cell carcinomas: 13 65% of the animals bearing at least one tumor at 1 yr.
The VW Rabbit sample ( (Table 9 ).
The coke oven main sample also produced a strong complete carcinogen response in both male and 261 NESNOW, TRIPLETT AND SLAGA bCumulative score 1 yr after initiation. complete carcinogen at the doses applied (Table  10) .
Tumor Promotion
The coke oven main and roofing tar samples were applied weekly to mice previously initiated with a single dose of 50.5 jig B(a)P. The coke oven main sample was 1/1000 as active as TPA (Table 11 ). The roofing tar was also active as a tumor promoter and produced a dose-related effect up to the highest dose applied. Mice treated with only a single dose of B(a)P produced no tumors.
Quantitative Analysis
The data were subjected to computer modeling and statistical procedures specifically designed for bMice initiated with 50.5 ,ug B(a)P and subsequently treated weekly with acetone.
cMice initiated with 50.5 ,ug B(a)P and subsequently treated weekly with coke oven main or roofing tar extract. dMice initiated with 50.5 ,g B(a)P and subsequently treated twice weekly with 2 mg coke oven main or roofing tar extract.
eMice initiated with 50.5 ,ug B(a)P and subsequently treated twice weekly with 2 ,ug TPA.
the analysis of tumor multiplicity and incidence data using an interactive computer terminal graphics system. Tumor incidence data were applied to a probit model with background correction. From the model, the dose that would elicit tumors in 50% of the surviving animals in excess of the control rate (TD50) was estimated. An example of this probit analysis (papilloma data, Nissan sample) is shown in Figure 1 . The value of TD50 and the associated 95% confidence intervals calculated from the fitted parameters are shown as well as the raw data. In Table 12 
. Figure 2 . The calculated tumor multiplicity data ranged from 0.17 to 2.2 papillomas per mouse, a 10-fold range (Table 12 ). Data from the B(a)P experiments could not be used, since they were not obtained in the 1-mg dose range, but linear extrapolation from the 0.1-mg dose used yields an estimate of 79 to 100 papillomas per mouse. No sex differences were evident from any of these calculations.
The carcinoma incidence data (tumor initiation and complete carcinogenesis protocols) were applied to the probit model. Estimates for B(a)P and the coke oven main sample are compared in Table 13 . With the coke oven main sample, the estimated values of TD50 are similar for both the tumor initiation (single application) and complete carcinogenesis (weekly application) protocols. However, B(a)P as a tumor initiator was much less effective in producing carcinomas than was the B(a)P as a complete carcinogen. When the comparison was made on the total amount applied to the mice, the tumor initiation protocol was more sensitive than the complete carcinogenesis protocol for both agents.
Discussion
The SENCAR mouse, specifically bred for increased sensitivity to two-stage (initiation-promotion) carcinogenesis, has demonstrated its responsivity to carcinogens (10, 38, 39) . Of mouse strains and stocks examined, the SENCAR mouse was most sensitive to the initiating and complete carcinogenic effects of B(a)P and DMBA (9, 10) .
These studies of the effects of complex mixtures and B(a)P on SENCAR mouse skin are the most extensive to date, and the results confirm the applicability of this mouse strain to the analysis of complex mixtures.
The Of the strong tumor initiators (B(a)P, coke oven main, roofing tar, Nissan), only Nissan seemed not to possess tumor-promoting activity. The presumed lack of tumor-promoting activity in the Nissan sample is probably as function of the composition of the Nissan mixture. The skin tumorigenesis results results indicate that the coke oven main sample was a stronger tumor promoter than the roofing tar sample. Chemical fractionation and mutagenesis studies of the diesel, roofing tar, and coke oven main samples show that both the chemical composition of the fractions and their capacities to induce genetic alteration are significantly different (J. Lewtas, personal communication).
Chemicals which seem to only be tumor initiators on mouse skin may also possess complete carcinogenic activity when administered by other routes to mice and rats. Urethane (40) and triethylenemelamine (41) are both probably pure mouse skin tumor initiators: repeated applications ofthese agents on mouse skin do not yield tumors. However, urethane administered intraperitoneally, subcutaneously, or orally to mice produces a variety of lesions, including lung, liver, and lymphoid tumors. Urethane administered orally to rats also produces multiple tumors (40) . Triethylenemelamine produces lung tumors in mice after intraperitoneal injection and muscle tumors in rats after subcutaneous injection (41) . It is compelling to postulate that the B(a)P in these complex mixtures accounts for their tumorigenic activity, since mouse skin is exquisitely sensitive to this agent. The results presented here reveal that a single application of less than 5 pug B(a)P as a tumor initiator yields a 50% tumor incidence. However, the relationship between the B(a)P content of each mixture and the papilloma response for each mixture is not linear (Fig. 3) . Probably none of the activity of the coke oven sample can be explained by B(a)P content, as the B(a)P-induced tumor response at the B(a)P level in the coke oven sample is quite small. Even the B(a)P level in the Nissan sample (11 ,ug/10 mg extract) can only account for 20 to 30% of the papilloma response elicited by the Nissan sample. This conclusion has also been stated by Kotin et al. (20) and Wynder and Hoffmann (21) , based on the analysis of other complex mixtures. Other components of the mixtures may play an important role in their tumorigenic activities. For example, 'p-propiolactone, a mouse skin tumor initiator, has been identified in diesel exhaust particulate extracts (42) .
Quantitative methods for the analysis of tumor data are many and employ tumor incidence, tumor multiplicity, and tumor latency data. Statistical methods have been employed using Poisson and other distribution assumptions, as well as both uni-and multivariate analytical approaches (43-46). We chose to apply a nonlinear Poisson model to the papilloma incidence data. This A probit model was chosen to evaluate the tumor incidence data. The probit model examines animals with tumors (regardless of multiplicity) and animals without tumors. Results from the probit analysis suggest the following ranking: B(a)P > coke oven main 3 topside coke oven > Nissan = roofing tar. These are not the only models that can be applied to these data, and although they appear effective in this case, more effort is being placed in improving statistical and modeling techniques.
In addition to the tumorigenesis studies described above, detailed gross and histopathological analyses of selected animals have been undertaken. Results from these detailed pathological studies on the formation of internal tumors and on the appearance of tumors with longer latency periods will be presented at a later date.
